Abstract-A method for automatic "maximum energy efficiency tracking" operation for wireless power transfer (WPT) systems is presented in this paper. Using the switched-mode converter in the receiver module to emulate the optimal load value, the proposed method follows the maximum energy efficiency operating points of a WPT system by searching for the minimum input power operating point for a given output power. Because the searching process is carried out on the transmitter side, the proposal does not require any wireless communication feedback from the receiver side. The control scheme has been successfully demonstrated in a two-coil system under both weak and strong magnetic coupling conditions. Experimental results are included to confirm its feasibility.
I. INTRODUCTION
T HE availability of modern power electronics with fast switching speeds and high power handing capability has offered the necessary technology to revive the interests in wireless power transfer (WPT) in early 1990s [1] , [2] when the power-electronics-based inductive power transfer technology was investigated for inductive power pickup systems [3] , [4] . The dawn of the mobile phone era in the mid 1990s is another factor [5] that further intensifies research activities in planar wireless power systems for portable consumer electronics. By early 2000s, various forms of planar wireless charging systems have emerged [6] - [9] . With the formation of the Wireless Power Consortium in 2008 (now comprising over 210 companies worldwide in over 16 countries), and the launch of the wireless power standard "Qi" [10] , it has been reported [11] that over 500 products have been certified as Qi-compatible by 2014. Recent intense research activities in WPT have extended to stationary and dynamic wireless charging of electric vehicles and trains [12] - [18] . In a critical review [19] , it has been pointed out that the use of the "maximum energy efficiency" principle is more appropriate than the "maximum power transfer" principle based on the impedance matching of the source impedance. However, the energy efficiency is dynamically changing with the load conditions [20] , the coupling coefficient, and quality factor [23] , [24] . Therefore, there is a need for developing new technology to locate and track the maximum energy efficiency (MEE) operating point. For solar power applications, maximum power point tracking (MPPT) is a well-known concept. But for WPT applications, the load-dependent energy efficiency suggests that it is appropriate for tracking the maximum efficiency operating point for a dynamically changing load. So far, variations of the energy efficiency have been addressed in wireless power domino systems [20] and 3-kW electric vehicle charging systems [23] . In [24] , a compensating scheme has been proposed to select the operating frequency in order to achieve high energy efficiency and good voltage controllability for a wide range of load conditions. Such high energy efficiency is in the context of the top region (say 10%) of the MEE range. In this paper, a method for maximum energy efficiency tracking (MEET) is explored and evaluated. Using the switched-mode converter in the receiver module to emulate the optimal equivalent load condition dynamically, the proposed method ensures automatic MEET by searching for the minimum input power operating point for a given output power [21] , [22] . The operating principle is demonstrated in a two-coil WPT system designed to operate at the MEE principle. Experimental results are included to confirm the feasibility of the proposal.
II. THEORETICAL ANALYSIS

A. Optimal Load Conditions for MEE and Maximum Power Operations
Consider a simple two-coil WPT system with its equivalent circuit shown in Fig. 1 . Assuming that the power losses in the ferrite plates that shield the transmitter and receiver coils are negligible, the coupled circuit equations for the system are
where ω is the angular frequency of the operation; X i (i = 1, 2) is the reactance ωL i − 1/(ωC i ) of Resonator−i; I 1 and I 2 are the current vectors of the Resonator-1 and Resonant-2, respectively; R P 1 and R P 2 are the winding resistance of Resonant-1 and Resonant-2, respectively; C 1 and C 2 are the resonant capacitors of Resonant-1 and Resonant-2, respectively; R L is the load resistance.
B. Optimum Load for MEE Operation
Assuming the core losses in the magnetic ferrite plates and the power inverter losses are negligible, the energy efficiency (η) of a two-coil WPT system can then be expressed as
The ratio of the root-mean-square currents I 1 /I 2 can be obtained by solving (2), without using (1) . In other words, the compensating condition in Resonator-1 (or the value of X 1 ) will not affect the efficiency of the system. With (2), the energy efficiency can be further determined as
If the operating frequency f (ω = 2πf ) is chosen, the MEE conditions can be determined by the following procedure. First, by differentiating η with respect to X 2 and equating the differential function to zero ∂η
the optimum value of X 2 for maximum efficiency can be obtained as
Then, by differentiating η with respect to R L and equating the differential function to zero ∂η ∂R L = 0
the optimum value of R L for maximum efficiency can be obtained as
If X 2 = X 2 OPT η = 0, then the optimal load for MEE is [20] 
C. Optimum Load for Maximum Power Operation
The output power of the system is Fig. 2 . Schematic of a two-winding WPT system with ac-dc and dc-dc converters.
By solving
the optimal load for maximum power transfer can be determined as
When the system is operated at the resonant frequency of the receiver resonator (X 2 = 0) so that the maximum efficiency of the system can be achieved, (12) can be rewritten as
and the expression in (12) can now be simplified as
D. Comparison of Optimal Load Conditions
From (9) and (15), it can be seen that the optimal load conditions for MEE operation and maximum power transfer operation are different. The bracketed term in (9) is 1 +
. In addition, since the bracket term in (15) is greater than 1, comparing (9) and (15) leads to the following inequality:
In the proposed MEET method, it is the optimal load resistance R L OPT η in (9) that is adopted.
III. NEW CONTROL METHOD FOR MEET
The MEET concept is now explained with the aid of the circuit structure in Fig. 2 and a mapping diagram in Fig. 3 . Although this explanation is based on a two-stage output power circuit, i.e., using a front-end ac-dc power converter followed by a dc-dc power converter, the idea applies to a single-stage ac-dc power converter. The ac input voltage v in on the transmitter side is the output voltage provided by a power inverter. Because a resonator is used as the transmitter, the fundamental component at the resonant frequency is the only dominant voltage component. The source impedance of this transmitter circuit is, therefore, very small, making it possible for high energy efficiency for the entire system.
In practice, the actual load R L may vary with time. For a given WPT system, MEET can be achieved by adjusting the equivalent resistance of the load circuit (comprising the acdc and dc-dc power conversion either in single-stage or twostage arrangement) to meet the optimal load condition of (9) . In order to adjust the equivalent resistance to the optimal load value for achieving MEET, the duty-cycle control of the power converter can be used. In the two-stage example of Fig. 3 , the relationship between the input resistance of the receiver circuit and load depending on the relationship of the input resistance and the equivalent resistance in the intermediate stage
, which is a function of the output load R L and the duty-cycle D of the dc-dc converter.
The function in Fig. 3 depends on the type of the dc-dc converters used. For example for buck-boost converter, the voltage ratio is
and the output power equals to the input power under steadystate operation
therefore, by using (17) and (18), we can get
Similarly the relationships between the equivalent resistance seen into the dc-dc converter and the load resistance can be obtained for any type of dc-dc converters.
For buck converter
For boost converter
For SEPIC converter
For Cuk converter
In general, regardless of using a single-stage or a two-stage power converter in the receiver circuit, the objective of the control is to vary the duty cycle of the power converter so that the input equivalent resistance of the receiver circuit and (timevarying) load can be adjusted to the optimal value specified in (9) . This control could be realized through two approaches, i.e.
Approach A-Direct control at the optimal duty cycle based on load sensing;
Approach B-Determination of the optimal duty cycle based on a searching process.
For Approach A, the optimal duty cycle of the converter is decided by sensing the load resistance. The output voltage of the system is regulated by sensing the output voltage and feeding the signal back to the transmitter side to adjust the input voltage v in . Therefore, a wireless communication channel is required. An example is shown in Fig. 4 .
While Approach B is more sophisticated, it does not need a wireless communication between the transmitter and receiver. Therefore, it is more cost effective for practical implementations and the rest of this paper will focus on Approach B.
IV. SEARCHING FOR THE OPTIMAL DUTY CYCLE FOR MEET
In this approach, a dc-dc converter is used to regulate the output in order to maintain a constant output voltage, as shown in Fig. 5 . The transmitter power circuit initially provides an input voltage of a sufficiently high value to drive the transmitter coil. Such input voltage v in of the primary resonator is then adjusted (i.e., decreased or increased) iteratively until the input power of the transmitter circuit reaches a minimum point. For a given output power, reaching a minimum input power operating point is equivalent to reaching the MEE operating point.
Because the switching frequency of the dc-dc power converter is typically in the order of tens of hundreds of kilohertz, the control action of the power converter can be much faster than the variation of the load impedance. In this iterative searching process for the MEE point, the load resistance can be assumed to be constant and the duty cycle of the dc-dc converter will be forced to alter accordingly in order to maintain a constant output voltage, which means the output power is constant. Therefore, when a minimum input power point is found, it is also a maximum efficiency point and the dc-dc converter operating at this point is transforming the load resistance to the optimum value, or in other words, (9) has been realized through this searching process.
The flow chart of this approach is shown in Fig. 6 and described as follows. It is reasonable in any good design that the power rating of the power supply must be sufficient for the maximum load power for a particular application.
1) An initial input ac voltage V in0 on the transmitter coil is applied. This voltage should preferably be high enough for delivering enough power to a targeted load on the receiver side for a designated output voltage under all possible operating conditions. 2) The dc-dc converter on the receiver side automatically adjusts its duty cycle to generate the designated output voltage for a given load. This initial duty cycle is denoted D 0 .
3) The input power P in0 to the transmitter coil is measured and recorded by the control unit on the primary side. 4) The input ac voltage V in is then increased (or decreased)
slightly (e.g.,
Changing the input ac voltage to the transmitter coil on the primary side will change the input dc voltage of the dc-dc converter on the receiver side. 5) Once again, the dc-dc converter will be forced to regulate its duty cycle in order to regulate the output voltage. Now the duty cycle is denoted as D 1 . 6) The input power P in1 to the transmitter coil is measured and recorded. 7) Compare P in1 and P in0 . If P in1 is smaller than P in0 (which means the energy efficiency of the system rises), then repeat step 4 and 5 until the input power stops decreasing. Then, a minimum input power point or a maximum efficiency point is found. Otherwise, if P in1 is larger than P in0 (which means the energy efficiency of the system decreases), then the searching direction is reversed (i.e., apply V in1 = V in0 -ΔV in ). Similarly, repeat step 4 and 5 until the input power stops decreasing and a maximum efficiency point is found. 8) The optimum operation point will be kept for a designated time interval, say t d . 9) After this time interval t d , a new searching process will start from this selected operating point in case that the load and/or the coupling M 12 have varied. The major difficulty in realizing the proposed system is to design the control for the dc-dc converter so that not only a steady operating point can be found for a given input voltage but also the MEE point can be successfully found by searching from the initial steady operating point. Details and explanations are provided in the following design example.
The design example is based on a WPT system with twocoil resonators consisting with two coils with the same structure as shown in Figs. 7 and 8 . It adopts the approach B that is based on the search process (Fig. 5) . For the first case study, the parameters of the system are specified in Table I . The operating frequency of the power inverter in the transmitter circuit is set at 100 kHz, which is approximately equal to the resonant frequencies of two resonators. The Litz wire has 24 strands of no. 40 AWG (0.08-mm diameter) and a ferrite plate with a thickness of 1 mm is used for shielding the WPT system.
In this first case study of weak coupling, the desired output voltage of the system is 2.5 V and the rated output power is 2.5 W. Therefore, the load resistance can vary in the range from 2.5 Ω to +Ý. A buck-boost converter is used in the output dc-dc stage in this example. Therefore, the relationship between the input resistance R L eq of the converter and the load resistance R L is given by (11). For rated load resistance R L = 2.5 Ω, the relationship between the duty cycle D of the buck-boost converter and the efficiency of the system (assuming all the converters are lossless) and the input voltage of the primary resonator (i.e., the output voltage of the power inverter) is shown in Fig. 9 . The searching process of the MEE operating point is now illustrated with the aid of Fig. 9 . The purple solid line in Fig. 9 represents the required input voltage of the power inverter on the transmitter side in order to generate an output voltage of 2.5 V on the receiver side for a load resistance of 2.5 Ω. At D = 0.38, where is indicated with a vertical dotted line, input voltage required for an output power of 2.5 W in this example is at its minimum value. The dotted line separates the system operating range into two regions. The relationships between the duty cycle and the output voltage (or output power) are opposite in these two regions. On the left side (D < 0.38), the output power increases as D increases (thereby a lower input voltage is required when D becomes larger). On the right side (D > 0.38), the output power decreases as D increases (thereby a higher input voltage is required when D becomes larger). It is important to note that, only the region where the MEE operating point exists should be used for MEET operation. In this example, the region on the right side of the dotted line should be chosen as the operating region. If 10 V is used as the initial input voltage, the searching process based on Fig. 9 will allow the input voltage to change gradually to about 2.5 V at which the energy efficiency is at its maximum of 69%. In Fig. 10 , the efficiency is plotted against the input voltage of the primary resonator. One method to restrict the operation of the system within the right region is to restrict the duty cycle to be larger than 0.38.
However, on the right region of the dotted line in Fig. 9 , the output dc voltage of the output converter (which is proportional to the power) increases as D decreases. This output voltage and duty-cycle relationship is opposite to the voltage gain characteristic of a standard buck-boost converter, i.e., (17) , which indicates that the output voltage increases with increasing duty cycle. One method to implement the required control characteristics is to use the complement of the duty cycle, i.e., D = 1 − D as shown in Fig. 11 . This can be practically achieved by using an inverter gate to invert the gate signal for the buck-boost converter. Instead of feeding D to the gate drive as normally implies in Fig. 5 , the complementary duty cycle D is adopted in the gate drive control.
Alternatively, a standard buck-boost converter could be used (without using the complement of the duty cycle) if one can adjust the minimum input voltage point to the left of the maximum efficiency point. This can be done by 1) tuning the operating frequency or 2) tuning the natural resonant frequency of the transmitter by adjusting the value of the compensating capacitor (C 1 ). However, for the first method, the maximum efficiency of the system will be degraded due to nonzero impedance X 2 . For the second method, the VA requirement of the power source increases due to nonzero X 1 .
V. EXPERIMENTAL VERIFICATIONS
A. Experiments With Weak Magnetic Coupling
For the case study based on parameters in Table I , experiments have been carried out to evaluate the performance of the two-coil WPT system analyzed previously. A full-bridge power inverter is used in the transmitter circuit to generate a 100-kHz ac supply for the transmitter coil. The dc input of the inverter is fixed at 5 V. The output voltage of the inverter is adjusted by applying phase-shift control. For a load resistance of 2.5 Ω and an output voltage of 2.5 V, Figs. 12 and 13 show the output voltages of the inverter at the initial point and the optimum point, respectively. As observed in Fig. 13 , the pulsewidth decreases from the original 5 to 2.26 μs when the optimum point is located. In Fig. 14, the source current of the system is shown. Since the source voltage is constant, the source current is proportional to the input power of the system. As indicated in Fig. 14, the source current reaches the minimum point at 1 (pulsewidth equals to 2.26 μs]; and the searching process continues [pulsewidth is decreased to 2.135 μs], the source current becomes larger at 2; then, the duty cycle will be changed back to 2.26 μs at 3. Normally, the searching process will stop at 3 because the optimum point has been found. However, in order to eliminate the errors due to noises, the searching process here is designed to search back one step to 4 where duty cycle is 2.385 μs. When it is confirmed by the controller that the source current at 4 is larger than the source current in 3, the control changes the duty cycle back to 2.26 μs at 5.
As shown in Fig. 15 , the measured efficiencies are compared with the simulation values obtained from the PSpice circuit simulator. The slight difference between the experimental and simulation results arises from the fact that the power losses in the ferrite plates are not included and those of the power converters cannot be predicted precisely in the analysis. Taking this into account, the measured and simulated results agree well with each other. These results confirm that MEET can be achieved by 
B. Experiment With Strong Magnetic Coupling
Another set of measurements are obtained based on the WPT system shown in Fig. 19 in order to evaluate the performance of the proposed method for a WPT system with strong magnetic coupling. The hardware setup is similar to the previous one except that the coupling between the coils is stronger and the two coils have slightly larger self-inductance values. Therefore, the magnetic parameters of this second system are slightly different due to the shorter distance between the ferrite plates. The values of the parameters are listed in Table II . Since the self-inductance of the coils are slightly larger and the compensating capacitance are kept the same. Therefore, the resonant frequency of the system shifts to slightly lower than 100 kHz. In the tests, a frequency of 97.56 kHz is used. The load resistance of the system is 50 Ω and the output voltage is designed as 15 V. An output power of 4.5 W is then generated. The dc source voltage is 15 V. Similarly, the input voltage of the primary coil is decreased gradually by adjusting the duty cycle of the inverter. The system reaches the optimum point when the pulsewidth of the inverter is reduced from about 5 ms as shown in Fig. 20 to 1 .56 μs as shown in Fig. 21 . The variation of the input current is shown in Fig. 22 .
In the whole process, the output voltage is maintained at 15 V, which is also shown in Fig. 22 . The simulated and measured efficiency curves of the system are displayed in Fig. 23 . It can be seen that a practical energy efficiency of 65% can be achieved under strong magnetic coupling.
VI. CONCLUSION
A MEET method is presented in this paper with the support of an analysis and the experimental verification of a two-coil WPT system. The basic principle is to search for the minimum input power for any given output power. By keeping the equivalent load resistance of the receiver circuit to the optimal value through the closed-loop control of the power converter within the receiver module, MEET can be achieved by searching for the minimum input power. Another advantage of this method is that it does not need any wireless communications between the transmitter and the receiver circuits, making it attractive in practical applications. The proposed method has been successfully tested under the situations of weak and strong magnetic coupling. Besides the differences due to the omission of the core losses and the inverter losses, the simulated and measured energy efficiency curves exhibit the same trends in both cases.
